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Introduction {#sec0005}
============

In recent years, studies of innate defence mechanisms have identified a number of cellular proteins that interfere with the replication of human and animal viruses. Many of these so-called 'restriction factors' have been most intensively studied for human immunodeficiency virus (HIV-1). For example, tripartite motif-containing protein 5 (TRIM5) \[[@bib0005]\], APOBEC3G \[[@bib0010]\], 2′,3′-cyclic-nucleotide 3′-phosphodiesterase \[[@bib0015]\] and tetherin \[[@bib0020]\] have been found to affect uncoating, reverse transcription, virus assembly and virus release, respectively. A new addition to this antiviral repertoire is myxoma resistance protein B (MxB/Mx2) \[[@bib0025]\] that inhibits HIV-1 at a late post-entry step. However, restriction factors for other viruses have also been identified, including: RNA-activated protein kinase (PKR), that restricts Hepatitis C and other viruses \[[@bib0030]\]; MX1, that restricts influenza A virus (IAV) and measles virus \[[@bib0035]\]; and 2′-5′-oligoadenylate synthase/RNase L, that restricts Hepatitis C and other viruses \[[@bib0040]\]. Many of these factors are components of the broad antiviral response induced by interferons, collectively known as interferon stimulated genes (ISGs: for review see \[[@bib0045]\]).

Although recognised to act at different stages in viral replication cycles, most of the well-characterised restriction factors affect steps following virus entry. Recently, a new family of proteins has been identified that appears to act specifically on virus entry, the interferon inducible transmembrane (IFITM) proteins. Here we review the antiviral capacity of three of these proteins, IFITM1--3.

Identification of IFITMs {#sec0010}
========================

The IFITM gene family was initially identified more than 20 years ago \[[@bib0050]\], with particular interest in the interferon-stimulated response elements (ISREs) they contained. The IFITM transcripts were originally named 9-27, 1-8D and 1-8U, however, the antiviral properties of the encoded proteins were only identified in 2009 in an RNAi screen for host factors that influence IAV replication. Knock-down of IFITM3 led to enhanced viral replication. Conversely, overexpression of IFITM1, 2, or 3 inhibited early viral replication \[[@bib0055]\].

Subsequent genome analyses have indicated that the IFITM genes are likely to have arisen by gene duplication very early in vertebrate evolution \[[@bib0060]\], since 'lower' vertebrates, such as lampreys, possess at least one *IFITM*-like gene \[[@bib0065]\]. To date, five *IFITM* genes have been identified in humans, of which *IFITM1*, *2*, *3* and *5* are clustered within a 26 kb region towards the telomere on the short arm of chromosome 11. *IFITM5* is not IFN inducible and is involved in bone mineralisation \[[@bib0070]\]. The fifth gene, *IFITM10*, is located 1.4 Mb towards the centromere, but little is known about its function. *IFITM4* is not present in humans, but is located close to *Ifitm1*, *2*, *3*, and *5* in the mouse genome \[[@bib0075]\], in which the locus has expanded to encode seven *Ifitm* genes. Analogous genes have also been found in other mammals \[[@bib0060]\], including marsupials \[[@bib0065]\], and avian species \[[@bib0080]\].

Although the molecular function of these proteins has been largely studied in cell culture systems, studies in mice and humans suggest IFITM proteins, and IFITM3 in particular, restrict IAV infection *in vivo. Ifitm3* ^−/−^ mice fail to control infection by mildly-pathogenic strains of IAV compared to their wild type littermates, developing fatal fulminant viral pneumonia \[[@bib0085], [@bib0090]\]. Everitt *et al.* also found that the minor C allele of human *IFITM3* (synonymous single nucleotide polymorphism (SNP) rs12252) was enriched in a cohort of Caucasian patients hospitalised with either IAV H1N1/09 or influenza B in the 2009 pandemic \[[@bib0085]\]. Although the C allele is rare in Caucasians, replication of this genetic association was shown in a cohort of Han Chinese patients (the SNP is more prevalent in this population) with severe symptoms following influenza infection. The minority CC genotype was found in 69% of patients with severe disease compared to only 25% with mild symptoms \[[@bib0095]\], further suggesting that deleterious changes in the *IFITM3* gene can influence the severity of influenza infection. It is currently unclear how this allele impacts IAV pathogenesis, but the alteration of a splice acceptor site may lead to the synthesis of a truncated IFITM3 protein that lacks the N-terminal 21 amino acids, and is expressed primarily on the cell surface rather than in endosomes (see below) \[[@bib0085], [@bib0100]\]. Aside from rs12252, little investigation has been carried out into other SNPs reported for IFITM3. One study carried out by John *et al.* \[[@bib0105]\] made alterations of non-synonymous SNPs H3Q/rs1136853, D56G/rs55794999, H57D/rs1553883, N69D/rs12778, and G95R/rs61744108, with only G95R showing a small reduction in IAV restriction compared to wild type.

Broad-spectrum antiviral function {#sec0015}
=================================

Using cell culture systems, and often pseudotype viruses, several groups demonstrated that, in addition to IAV, entry and infection by representatives of multiple virus families (including filoviruses, rhabdoviruses and flaviviruses) \[[@bib0110], [@bib0115], [@bib0120]\] were also inhibited by overexpression of IFITMs, particularly IFITM3 (see [Table 1](#tbl0005){ref-type="table"} ). Interestingly, these restricted viruses are all enveloped, with ssRNA genomes, and considered to enter cells by membrane fusion following endocytosis. However, some retroviruses (e.g. Moloney leukaemia virus (MLV)) and several arenaviruses were apparently not restricted. Although restriction of HIV-1 infection was not initially detected \[[@bib0055]\], several more recent studies have reported some restriction of cell infection \[[@bib0100], [@bib0125], [@bib0130]\]. Most recently, evidence that IFITM3 can also restrict a non-enveloped reovirus has been published \[[@bib0135]\], suggesting the range of viruses influenced by the IFITM proteins is not limited to those with an envelope.Table 1Summary of viruses IFITM proteins have been tested againstFamilyViruspH dependentRestricts infectivityPrevents cell--cell fusionPseudotyped virions (P) or live virus (L)Restriction statusReference**Enveloped***Orthomyxoviridae*Influenza A virus✓✓✓✓P LM1--3Brass *et al.* \[[@bib0055]\], Smith *et al.* \[[@bib0080]\]Influenza B virus✓✓✓LM1--3Everitt et al. \[[@bib0085]\]*Flaviviridae*West Nile virus✓✓PM1--3Brass *et al.* \[[@bib0055]\]Dengue virus✓✓✓PM1--3Brass *et al.* \[[@bib0055]\]Hepatitis C virus✓✓/×P LM3 --- no, M1 --- yesBrass *et al.* \[[@bib0055]\], Wilkins *et al.* \[[@bib0120]\]*Rhabdoviridae*Vesicular stomatitis virus✓✓✓P LM1--3Weidner *et al.* \[[@bib0115]\]Rabies virus✓✓✓PM2--3Smith *et al.* \[[@bib0080]\]Lagos Bat virus✓✓✓PM2--3Smith *et al.* \[[@bib0080]\]*Filoviridae*Marburg virusΔ✓P LM1--3Huang *et al.* \[[@bib0110]\]Ebola virusΔ✓P LM1--3Huang *et al.* \[[@bib0110]\]*Coronaviridae*SARS coronavirusΔ✓P LM1--3Huang *et al.* \[[@bib0110]\]*Retroviridae*HIV-1×✓/×P LMixed resultsBrass *et al.* \[[@bib0055]\], Lu *et al.* \[[@bib0130]\], Jia *et al.* \[[@bib0100]\]Moloney leukaemia virus××P LNoBrass *et al.* \[[@bib0055]\], Huang *et al.* \[[@bib0110]\]Jaagsiekte sheep retrovirus✓✓✓PM1 bestLi *et al.* \[[@bib0140]\]*Arenaviridae*Lassa virus✓×PNoBrass *et al.* \[[@bib0055]\]Machupo virus✓×PNoBrass et al. \[[@bib0055]\]Lymphocytic choriomeningitis virus✓×PNoBrass *et al.* \[[@bib0055]\]*Alphaviridae*Semliki Forest virus✓✓✓LM2 and M3 bestLi *et al.* \[[@bib0140]\]*Bunyaviridae*La Crosse virus✓✓✓LM1-3Mudhasani *et al.* \[[@bib0150]\]Hantaan virus✓✓✓LM1-3Mudhasani *et al.* \[[@bib0150]\]Andes virus✓✓✓LM1-3Mudhasani *et al.* \[[@bib0150]\]Rift Valley fever virus✓✓✓L-attenuatedM2 and M3Mudhasani *et al.* \[[@bib0150]\]Crimean--Congo haemorrhagic fever virus✓✓×LNoMudhasani *et al.* \[[@bib0150]\]  **Non-enveloped***Reoviridae*Reovirus✓✓✓LM3Anafu *et al.* \[[@bib0135]\][^1]

Using a pseudotype virus carrying the Jaagsiekte sheep retrovirus (JSRV) envelope protein (Env), for which fusion requires initial Env priming by receptor binding and subsequent exposure to pH 6.3, IFITM1 seems to restrict replication more potently than IFITM2 and 3 \[[@bib0140]\]. As IFITM1 appears to be located earlier in the endocytic pathway, where the pH is higher \[[@bib0145]\], these data suggest that the cellular location of different IFITM proteins determines the range of viruses that each restricts. Although not strictly pH-related, restriction correlates with the cellular compartment where fusion or penetration occurs. Differential restriction of viruses in the vector-borne *Bunyaviridae* family has also been found \[[@bib0150]\] ([Table 1](#tbl0005){ref-type="table"}); only IFITM 2 and 3 were capable of restricting Rift Valley fever virus (RVFV) and none of the IFITM proteins prevented replication of Crimean--Congo haemorrhagic fever virus (CCHFV). The reason(s) underlying this difference in susceptibility are unclear as the bunyaviruses share similar morphologies and glycoproteins (G~N~ and G~C~) on their envelopes.

IFITMs: protein structure and cellular distribution {#sec0020}
===================================================

IFITM3 is expressed constitutively in cells of the upper airway and visceral pleura \[[@bib0090]\], but otherwise its expression, and that of IFITM1 and 2, *in vivo* is poorly understood. In both cell lines and primary cells *ex vivo*, IFITM protein expression is upregulated by IFNs, though the relative levels of each protein in a given cell type or tissue has yet to be determined. All three IFN-inducible human IFITM proteins show high amino acid sequence similarity and all are membrane located, though their topologies remain to be clearly established \[[@bib0155]\]. Initially proposed as transmembrane proteins ([Figure 1](#fig0005){ref-type="fig"} ), with both the N-termini and C-termini located externally, subsequent studies suggested both the N-termini and C-termini, as well as the so-called conserved intracellular loop (CIL), are located cytoplasmically, with the hydrophobic domains interacting with the membrane but not spanning it \[[@bib0155]\]. More recently, a model for IFITM3 in which the N-terminal and CIL domains are located in the cytoplasm and the C-terminal domain is extracellular, suggested a type II transmembrane topology for the second hydrophobic domain \[[@bib0160]\]. Our own work suggests a similar topology for human IFITM1 (S Weston *et al.*, unpublished data). This topology is consistent with observations that all three IFN-inducible IFITM proteins contain conserved cysteine residues at the junctions of the CIL domain, and the putative membrane interacting domains. These cysteines (C71, 72 and 105 in human IFITM3) are palmitoylated, and this modification is required for full viral restriction \[[@bib0165]\]. Substitution of the cysteines for alanines in IFITM3 inhibits protein clustering in membranes and reduces its antiviral function \[[@bib0105]\]. IFITM3 can also be ubiquitinated on any of four lysines in the N-terminal and CIL domains. Ubiquitination enhances IFITM3 turnover \[[@bib0155]\], thus substitution of the lysines with alanines slows the protein\'s degradation and increases its antiviral activity \[[@bib0125]\].Figure 1IFITM protein topology and domain organisation. Panel **(a)** Topological models for IFITM proteins. (I) Represents an initial model for the proteins as transmembrane molecules with both the N-terminal and C-terminal domains (NTD and CTD) extracellular and the conserved intracellular loop (CIL) facing the cytoplasm \[[@bib0165]\]. Subsequently, an alternative model (II) was proposed with the NTD, CTD and CIL all positioned intracellularly, and neither membrane domain (M1 and M2, blue and purple respectively) spanning the bilayer \[[@bib0155]\]. The most recent model (III) combines models I and II, positioning the NTD and CIL in the cytoplasm and the CTD extracellularly. Currently, the topology represented by III is only established for murine IFITM3 \[[@bib0160]\]. Panel **(b)** Linear representation of human IFITM1, 2 and 3 showing key amino acids. In all cases, modifications and functional activities have only been established with IFITM3, but conserved residues in IFITM1 and 2 are shown.

The N-terminal domains of IFITM2 and 3 are 20 and 21 amino acids longer, than IFITM1, respectively ([Figure 1](#fig0005){ref-type="fig"}). These N-terminal extensions include a key tyrosine (Y20 in IFITM3 that appears to control the cellular distributions of the two longer IFITMs) \[[@bib0085], [@bib0100], [@bib0105]\]. Thus IFITM1 is predominantly at the plasma membrane, while IFITM2 and 3 are located mainly in intracellular compartments. IFITM3 is reported to reside primarily in endosomal organelles, identified by co-labelling with endosomal markers, including Lamp1, Rab7 and CD63 \[[@bib0105], [@bib0170], [@bib0175]\], but the location of IFITM2 remains to be clearly established ([Figure 2](#fig0010){ref-type="fig"} ). Therefore, Y20 may be a component of a YxxØ-type sorting signal for clathrin-mediated trafficking \[[@bib0100]\]. Significantly, Y20 has also been identified as a target for Fyn-mediated phosphorylation, suggesting that perhaps the activity of this motif as a trafficking signal can be regulated \[[@bib0100], [@bib0180]\].Figure 2IFITM proteins inhibit virus entry at different stages of cell trafficking. Viruses enter cells by fusing with or penetrating a limiting cellular membrane. For most enveloped viruses fusion occurs either at the cell surface or, following uptake by endocytosis, from within endosomes. Acid-dependent viruses require acidification of the endosomal lumen by the membrane-associate vacuolar proton ATPase for fusion (shown in red). Trafficking through the endocytic system, from early to late endosomes, exposes virions to increasingly acidic environments. IFITM proteins (green) can inhibit entry and infection by a number of viruses that fuse/penetrate at the cell surface or from within endosomes. IFITM1 is expressed primarily at the cell surface, while IFITM2 and 3 are primarily intracellular. IFITM3 has been localised to endosomal compartments, but the distribution of IFITM2 still needs to be clearly established.

It is important to note that studies of the subcellular location of the IFITMs to date have for the most part used epitope-tagged proteins, where tagging and/or overexpression (in transient systems) may have an impact on protein localisation and/or detection. Recently John *et al.* \[[@bib0105]\] showed that IFITM3 can interact with itself, as well as IFITM1 and 2, and that phenylalanine residues (F75 and F78) are required for this interaction. Although the significance of this association is unclear, the formation of homo-oligomers and/or hetero-oligomers might also influence the distribution and functional activities of these proteins.

Mode of action {#sec0025}
==============

Reovirus subvirus particles (ISVPs), in contrast to replication competent reovirus, do not require endosomal acidification for entry and are not inhibited by IFITM3 expression, suggesting that IFITM3 may perturb endosomal acidification \[[@bib0135]\]. However, studies with various enveloped viruses suggest a different mode of action. Morphological analysis of IFITM3-restricted IAV in cells showed the accumulation of viral particles in acidified endosomal compartments, suggesting there is no effect on receptor-binding, endocytosis or acidification \[[@bib0110], [@bib0170]\].

Studies using cell-cell fusion assays suggest that IFITM3 blocks enveloped virus entry by preventing fusion of the viral membrane with a limiting membrane of the host cell, either the plasma membrane and/or endosomal membranes \[[@bib0140]\]. Fusion is an essential step in enveloped virus entry, and results in the transfer of viral capsids into the cytoplasm of a target cell. This process is extremely well characterised for a number of viruses, in particular IAV. Low pH in the endosomal lumen triggers conformational changes in one of the viral envelope proteins, haemagglutinin (HA). This change results in fusion of the outer leaflet of the viral membrane with the luminal leaflet of endosomal membranes forming a short-lived hemifusion intermediate. Resolution of the hemifusion intermediate allows fusion of the viral membrane inner leaflet with the cytoplasmic leaflet of endosomal membranes and the opening of a stable fusion pore \[[@bib0185]\]. Although often not a reflection of the pathway of infectious virus entry, a commonly used approach to studying viral fusion mechanisms is the formation of syncytia by cell-cell fusion. This requires the presence of viral fusion proteins in the plasma membrane of cells and appropriate signals, such as receptor-bearing cells and/or a transient change in the pH of the medium. Using the JSRV Env discussed previously, the IFITMs had no effect on either priming or pH-induced conformational changes \[[@bib0140]\]. Moreover, syncytia formation induced by representatives of all three classes of viral fusion proteins \[[@bib0190]\] could be blocked by IFITM1. Using cold to arrest fusion at the hemifusion state, and chlorpromazine to resolve this, IFITM proteins were found to inhibit the early stages of viral envelope fusion with cellular membranes \[[@bib0140]\].

The mechanism(s) through which the IFITMs inhibit the early stages of fusion is unclear. Two-photon laser scanning and fluorescence lifetime imaging (FLIM) of Laurdan-labelled cells, together with the effects of oleic acid treatment on cell-cell fusion, suggest that IFITM proteins may reduce membrane fluidity and increase spontaneous positive curvature in the outer leaflet of membranes \[[@bib0140]\]. Such changes might be expected to impact on fusion, but how IFITMs affect membrane fluidity, and whether this has consequences for other membrane functions in the absence of infection, is unclear. One mechanism, however, has been suggested from experiments on IFITM3. Amini-Bavil-Olyaee *et al.* show IFITM3 interacts with vesicle membrane protein associated protein A (VAPA) and disrupts its association with an oxysterol binding protein that regulates the cholesterol content of endosomal membranes. Overexpression of IFITM3 increases endosomal cholesterol, which may impact on viral fusion through a corresponding decrease in endosomal membrane fluidity \[[@bib0175]\].

Although other mechanisms may contribute to IFITM inhibition of virus entry \[[@bib0195]\], analysis of changes in the physical properties of cellular membranes induced by IFITM expression is likely to shed light on the processes underlying the broad anti-viral effects of these proteins, as well as the mechanisms involved in the fusion/penetration and entry of a number of viruses.

Conclusions and outlook {#sec0030}
=======================

Knock-down of IFITM proteins in cell culture can increase infection by a range of enveloped and non-enveloped viruses, and knock-out of *IFITM* genes *in vivo* can influence pathogenesis. By contrast, overexpression of the proteins in human cells can inhibit infection at an early stage of the replication cycle. Although the mechanism of IFITM antiviral activity remains unclear, possible IFITM induced decreases in membrane fluidity, or increased outward curvature, may inhibit the initial stages of enveloped virus fusion. Why each protein can exhibit variable restriction on viruses of the same family, for instance the *Bunyaviridae*, and how a virus that does not require fusion for entry (reovirus) is restricted under the proposed mechanisms remains unclear.

In many cases viruses have evolved mechanisms to antagonise the activity of a number of cellular restriction factors (e.g. see \[[@bib0010], [@bib0020]\]). As yet no mechanisms to inhibit the activity of the IFITM proteins have been identified, though the indication that the IFITM proteins do not inhibit the entry of some viruses suggests that these agents are either refractory to the effects of the IFITM proteins, or have indeed evolved mechanisms to antagonise their function.

Although questions about the topology and intracellular distribution of the IFN-induced IFITMs remain, when taken together a model emerges suggesting that these proteins may have evolved to provide coverage of the main cellular membrane systems that have been implicated in virus entry, that is, the plasma membrane and compartments of the endocytic pathway. The implication is that perhaps IFITM1 primarily restricts viruses that fuse or penetrate at the cell surface, whereas IFITM2 and 3 primarily restrict viruses entering from endocytic organelles. That two IFITM proteins appear to function intracellularly may reflect the fact that endocytosis has been implicated in the entry of an increasing number of both pH-dependent and independent vertebrate viruses \[[@bib0200]\]. While there is some suggestion that this pattern may be true (see [Table 1](#tbl0005){ref-type="table"}), there are exceptions. It is clear that there is much to be learned about the mechanisms through which these newly identified cellular proteins inhibit virus entry, and their full potential to restrict viral transmission *in vivo.*

References and recommended reading {#sec0035}
==================================

Papers of particular interest, published within the period of review, have been highlighted as:• of special interest

This work was supported by the Wellcome Trust grant (098051), and funding from the Medical Research Council grant (G1000413) as well as core funding to the MRC Laboratory for Molecular Cell Biology. We thank Joe Grove for help with [Figure 2](#fig0010){ref-type="fig"} and Jason Mercer for critical comments on the manuscript.

[^1]: ✓, fuses at pH \>6; ✓✓, fuses at pH \<6; ×, does not require fusion; Δ, requires cathespin L in lysosome.
